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ABSTRACT 

Unusually low v a l u e s  of temperature  (about 156 f 16'K) have been found t o  
e x i s t  i n  t h e  r e g i o n  of 100 km a l t i t u d e  over  E g l i n  Gulf Tes t  Range i n  F l o r i d a  
(30" 24' N ,  86" 43' W) a t  2315 hours GMT on December 7 ,  1961. These low t e m -  
p e r a t u r e s  have been determined from 50 d e n s i t y - a l t i t u d e  d a t a  p o i n t s  over  t h e  
a l t i t u d e  range  of 97.8 km t o  132.2 km, wi thout  t h e  u s e  of any independent t e m -  
p e r a t u r e  informat ion .  The b a s i c  d e n s i t y  d a t a  and t h e i r  a s s o c i a t e d  unce r t a in -  
t i e s  were deduced from measurements of drag  a c c e l e r a t i o n s  on a f a l l i n g  sphe re  
of  2.74 meters  d iameter  [1].* The d a t a  a r e  shown g r a p h i c a l l y  i n  F igure  10 of  
t h a t  paper  and numer ica l  v a l u e s  of d e n s i t y  p and i t s  u n c e r t a i n t i e s  6p  are sum- 
marized i n  Table 2 of t h a t  same paper.  The u n c e r t a i n t i e s  i n  temperature  which 
a r e  dependent upon 6p  have been c a l c u l a t e d .  From t h e  e x t e n t  of  t h e  tempera- 
t u r e  u n c e r t a i n t y ,  i t  i s  apparent  t h a t  t h e  t e m p e r a t u r e - a l t i t u d e  p r o f i l e  i s  w e l l  
bounded f o r  a l t i t u d e s  below 110 km, e s p e c i a l l y  f o r  t h e  lower two k i lome te r s  of 
t h e  p r o f i l e ,  and these.  low mesopause tempera tures  are t h e r e f o r e  indeed 
s i g n i f i c a n t  . 

J- 

^Numbers i n  [ ] throughout  t e x t  i n d i c a t e  r e f e r e n c e  numbers. 

i 



L 

u 

c 

LOW MESOPAUSE TEMPERATURES OVER EGLIN TEST RANGE 
DEDUCED FROM DENSITY DATA 

The method for obtaining the temperature Tr at any altitude Zr involves 
the downward integration of atmospheric mass density p with respect to Z from 
Za to Zr where Za is the greatest altitude of usable data. The basic form of 
the equation for extracting the temperature information from the density- 
altitude data is a well-known relationship [ 2 , 3 , 4 ]  based on the hydrostatic 
equation and the equation of state: 

and p are densities at altitudes Z and Zr, respectively, 'a r a 

T is the temperature at Z 

M is the mean molecular weight of the gas (considered to be constant), 

where 

a a' - 

R is the universal gas constant, and 

g is the acceleration of gravity. 

At first glance it would appear that the presence of  Ta in Equation (1) 
would prevent the evaluation of Tr since no information about Ta is available. 
It is seen, however, that when the density-altitude gradient is negative, as 
it is in the atmosphere, the term (Pa/Pr)Ta becomes negligibly small as alti- 
tude Zr is taken sufficiently below Za, while the integral term approaches the 
full value of Tr. The highest 15 to 20 km of mass-density data are consumed 
in essentially eliminating the Ta term, and the more reliable values of Tr are 
determined only for lower altitudes; i.e., below 110 km for the data at hand. 

I n  dealing with real mass-density data of a multigas atmosphere where the 
acceleration of gravity and the mean molecular weight are variables with re- 
spect to altitude, it is convenient to introduce two transformations. First, 
the two variables T and a are combined into a single new variable l ' ~  (molec- 
ular scale temperature) through the relationship l ' ~  E (T/H)M, where M, is the 
sea-level value of [ 4 , 5 , 6 , 7 , 8 ] .  Second, the two variables g and z are com- 
bined into a single new variable h (geopotential) through the relationship 
G-dh = g-dz where G is a constant numerically equal to the sea-level value of 

density-altitude points makes it desirable to introduce the trapezoidal rule 
for numerical integration. Together, these transformations lead to 

L g [ 5 , 6 , 7 , 9 ] .  In addition, the existence of the data in the form of discrete 
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I n  t h i s  express ion  t h e  d e n s i t y - d a t a  p o i n t s  are cons ide red  t o  be numbered con- 
s e c u t i v e l y  such t h a t  t h e  numbers i n c r e a s e  downward from t h e  p o i n t  a t  Za  which 
i s  i d e n t i c a l l y  p o i n t  lla" o r  p o i n t  No. 1. 

From t h i s  e q u a t i o n ,  T i s  determined a s  a f u n c t i o n  of h i n  g e o p o t e n t i a l  M meters  (m ' ) ,  b u t ,  by a r e v e r s e  t r ans fo rma t ion ,  t h e  va lues  of h a r e  independ- 
e n t l y  r e l a t e d  t o  a p p r o p r i a t e  va lues  of Z ,  so t h a t  T i s  f i n a l l y  a v a i l a b l e  as 
a f u n c t i o n  of geometric a l t i t u d e  Z .  M 

I n  F igure  1, a s e r i e s  of  f i v e  s o l i d - l i n e  p r o f i l e s  of m ver sus  Z computed 
from the  d a t a  by means of  Equat ion (2) a r e  compared wi th  TM of  t h e  U .  S.Stand- 
a r d  Atmosphere [8 ] .  These f i v e  curves  a r e  r e p r e s e n t a t i v e  of an i n f i n i t e  num- 
be r  of p r o f i l e s  which might be computed from t h e  d a t a ,  each d i f f e r i n g  s o l e l y  
by v i r t u e  of t h e  assumed va lue  of (T ) a t  132.2 km, t h e  upper end of  t h e  use-  
f u l  a v a i l a b l e  d e n s i t y  d a t a .  Each ofMtge  s e r i e s  of f i v e  va lues  of ( T M ) ~  em- 
p loyed ,  d i f f e r s  by 200°K from t h e  preceding  v a l u e ,  w i t h  t h e  range  ex tending  
from 173.7"K t o  973.7"K. 
i n g  a l t i t u d e .  

The % p r o f i l e s  a r e  seen  t o  converge wi th  dec reas -  

S ince  any expected t r u e  va lue  of TM a t  132.2 km should be w e l l  w i t h i n  
t h e  extremes of t h e  f i v e  va lues  of ( m ) a  p r e s e n t e d ,  t h e  t r u e  TM-versus-Z 
p r o f i l e  should a l s o  always l i e  between t h e  extreme curves  even a t  low a l t i -  
t udes  where these  curves  are sepa ra t ed  by 10" o r  less.  Thus, f o r  a l t i t u d e s  
below 110 km, t he  va lue  of m, without  c o n s i d e r a t i o n  f o r  d e n s i t y  u n c e r t a i n t y ,  
appears  t o  be bounded w i t h i n  narrow l i m i t s ;  40" a t  110 km and 3" a t  98 km. 

A r igo rous  e r r o r  a n a l y s i s  based on t h e  Gaussian method i n d i c a t e s  t h a t  
(6Qf) r ,  t h e  u n c e r t a i n t y  i n  (TM)r, i s  g iven  by 

where (6TM)a i s  t h e  u n c e r t a i n t y  i n  (T ) and 
M a  
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Tu COMPUTED FROM EWATION 121 

Tu COMPUTED FROM EOUATION ( 5 )  90 
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I n  t h i s  expres s ion ,  6pa,  6 p j  and 6 p  
r e s p e c t i v e l y .  

a r e  t h e  u n c e r t a i n t i e s  i n  p , r a 'j and p r '  

A s  i n  t h e  case  of Equation (1)' t h e  expres s ion  f o r  t h e  tempera ture  uncer-  
t a i n t y ,  Equation (3), a l s o  may no t  be eva lua ted  f o r  a l t i t u d e s  near  Z a ,  due t o  
l ack  of in format ion ,  i n  t h i s  i n s t a n c e ,  concerning (6T ) . The r a t i o  (pa /pr ) ,  M a  however, aga in  se rves  e s s e n t i a l l y  t o  e l i m i n a t e  t h e  need f o r  t h e  unknown quan- 
t i t y  when Zr i s  s u f f i c i e n t l y  below za. 
b a s i s  of t h e  previous assumption t h a t  (T )a i s  w i t h i n  t h e  range  173.7' t o  
973.7' such t h a t  (~'I'M)~ m u s t  be l e s s  than  800" which i s  t h e  s e p a r a t i o n  of  t h e  
extreme curves  a t  132.2 km. 
l e s s  than  t h e  s e p a r a t i o n  of  t h e s e  two cu rves  a t  any a l t i t u d e  Z . 
i t  i s  apparent  from t h e  graph t h a t  a t  Zr  = 100 km, ( p a / p r ) ( 6 T ~ t a  i s  cons ide r -  
ab ly  l e s s  than  5 ' .  * (U/pr) a lone .  

This i s  i l l u s t r a t e d  g r a p h i c a l l y  on t h e  

M 

Under t h e s e  c o n d i t i o n s ,  (pa /pr )  (ETM). m u s t  be 
Therefore ,  

Under t h e s e  c o n d i t i o n s ,  (6TM)ris approximately equa l  t o  

For any of  t h e  assumed va lues  of ( T M ) ~  i t  i s  p o s s i b l e  t o  compute va lues  
of & ( u / p r )  versus  Zr over  t h e  e n t i r e  a l t i t u d e  range  of  t h e  d a t a  i n  o r d e r  t o  
e v a l u a t e  t h e  in f luence  of d e n s i t y  u n c e r t a i n t y  a lone  on t h e  f i v e  computed pro-  
f i l e s .  
i s  i n d i c a t e d  by t h e  upward d i r e c t e d  f l a g s  on Curve No. 5, whi le  t h e  n e g a t i v e  
h a l f  of t h i s  u n c e r t a i n t y  component f o r  Curve No. 1 i s  i n d i c a t e d  by t h e  down- 
ward d i r e c t e d  f l a g s  a long  t h i s  curve.  
va lues  of _+(u/p,) appear  t o  be reasonably  sma l l  even f o r  Curve No. 5. Thus, 
cons ide r ing  both t h e  convergence of t h e  TM-versus-Z p r o f i l e s  and t h e  uncer-  
t a i n t i e s  _+(U/pr) ,  TM i s  w e l l  bounded f o r  a l t i t u d e s  below 110 km. 

The p o s i t i v e  h a l f  of t h i s  u n c e r t a i n t y  component k ( u / p r )  f o r  Curve No.5 

For a l t i t u d e s  of 115 km and below, t h e  

It  i s  a l s o  p o s s i b l e  t o  r e w r i t e  Equat ion (2) so t h a t  t h e  r e f e r e n c e  l e v e l  
i s  a t  zb ,  t h e  lowest a l t i t u d e  of a v a i l a b l e  d a t a ,  and t h e  tempera ture  a t  a l t i -  
tude Zs i s  obta ined  by t h e  upward i n t e g r a t i o n  of d e n s i t y  from zb t o  Zs. Thus, 

and p a r e  d e n s i t i e s  a t  a l t i t u d e s  Z and Z s ,  
'b S b 
(TM)b i s  an unknown va lue  of T a t  a l t i t u d e  Z M b '  
(TM)s i s  the computed tempera ture  a t  a l t i t u d e  Z - 

where 

and 
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The s u b s c r i p t  s i m p l i e s  upward i n t e g r a t i o n  from Zb t o  Zs t o  o b t a i n  ( T M ) ~ ,  and 
f o r  t h i s  e q u a t i o n ,  t h e  d a t a  p o i n t s  a r e  numbered c o n s e c u t i v e l y  i n c r e a s i n g  up- 
ward from t h e  p o i n t  a t  zb which i s  i d e n t i c a l l y  p o i n t  b o r  p o i n t  No. 1. 

Again an i n f i n i t e  number of  p r o f i l e s  o f  TM v e r s u s  Z are p o s s i b l e ,  each 
a s s o c i a t e d  w i t h  one of  an i n f i n i t e  number o f  p o s s i b l e  c h o i c e s  of  t h e  unknown 
(TM)b. 
and t h e  members of any p a i r  of curves  o f  TM v e r s u s  Z f o r  d i f f e r e n t  v a l u e s  of  
(TM)b d i v e r g e  wi th  i n c r e a s i n g  a l t i t u d e  by t h e  amount o f A T  (p /ps) .  
any u n c e r t a i n t y  i n  ( m ) b  i s  a l s o  magnif ied by t h a t  r a t i o .  Furthermore,  bo th  
t h e  r a t i o  t e r m  and t h e  i n t e g r a l  t e r m  become very  l a r g e  as Z i n c r e a s e s ;  hence 
t h e  u n c e r t a i n t y  i n  t h e i r  d i f f e r e n c e ,  and a l s o  i n  (TM)s, i n c r e a s e s  beyond any 
u s e f u l  l i m i t s .  
be ing  equa l  t o  t h a t  of t h e  U .  S. Standard Atmosphere f o r  Zb), Equat ion (5) 
y i e l d s  v a l u e s  of (TM)~ r e p r e s e n t e d  by t h e  dashed l i n e s  which d i v e r g e  r a p i d l y  
from t h e  U .  S .  S tandard  va lues  t o  u n r e a l i s t i c a l l y  h i g h  v a l u e s  as Z i n c r e a s e s  
above 110 km. When (Q)b i s  t aken  t o  b e  s u c c e s s i v e l y  151.4664, 152.2602, 
153.8478, and 154.6416 degrees ,  Equat ion (5) deve lops  i d e n t i c a l l y  t h e  f i v e  
s o l i d - l i n e  cu rves  computed by Equat ion ( 2 ) .  The i n i t i a l  s e l e c t i o n  of a r e f -  
e r ence  tempera ture  of  153.05 & 1.59', however, i s  most u n l i k e l y ;  and f o r  t h a t  
p a r t  o f  t h e  atmosphere where t h e  mean molecular  weight  i s  h igh ;  i . e . ,  where 
N2 and 0 2  a r e  t h e  predominant gases ,  i t  i s  apparent  t h a t  Equat ion (5) i s  use-  
less .  For h igh  a l t i t u d e s ,  however, where He o r  H2 dominates  t h e  atmos- 
phere  [10,11,12]  such t h a t  t h e  mean molecular  weight  i s  s m a l l  and t h e  loga-  
r i t h m  of  t h e  d e n s i t y - a l t i t u d e  g r a d i e n t  i s  p r o p o r t i o n a t e l y  reduced ,  one may 
show t h a t  i t  i s  b e t t e r  t o  develop the  t e m p e r a t u r e - a l t i t u d e  p r o f i l e  upward from 
a modera te ly  well-known (%)b by means of  Equat ion (5) than  t o  work downward 
from a comple te ly  unknown ( T M ) ~  by means o f  Equat ion (2 ) .  

I n  t h i s  i n s t a n c e ,  however, t he  r a t i o  (Pb/Ps) i s  always g r e a t e r  t han  1 

Thus, b b  

When t h e  assumed va lue  of (TM)b i s  180" o r  204.0' ( t h e  l a t t e r  

The above a n a l y s i s  shows the va lue  of TM a t  100 km over  E g l i n  Gulf  Test  
Range t o  be 157 & 13" whi l e  a t  97.8 km TM i s  152 & 9". 
cu rve  t h i s  l a t t e r  va lue  appears  t o  be e s s e n t i a l l y  t h e  mesopause minimum a l -  
though no d a t a  e x i s t  f o r  lower a l t i t u d e s  du r ing  t h i s  f l i g h t .  From t h e  p re -  
v i o u s l y  c i t e d  d e f i n i t i o n  i t  i s  apparent  t h a t  TM i s  g r e a t e r  t h a n  T by a f a c t o r  
M / M ,  t h e  v a l u e  of  which v a r i e s  wi th  a l t i t u d e  e s s e n t i a l l y  as shown i n  Table 1. 
TRis t a b l e  was prepared  us ing  t h e  va lues  o f  M from t h e  U. S.  S tandard  Atmos- 
phe re  [8] and hence t h e s e  va lues  should be  r easonab ly  r e l i a b l e ,  a t  least  f o r  
a l t i t u d e s  2 < 130 la. The r e l a t e d  d i f f e r e n c e  i n  deg rees  between TM and T f o r  
t h e  median cu rve  (No. 3 )  of  F igure  1 i s  a l s o  g iven  i n  t h i s  t a b l e .  It i s  
appa ren t  t h a t  t h e  d i f f e r e n c e  between t h e  p l o t t e d  v a l u e s  o f  'I& and t h e  r e l a t e d  
v a l u e s  of  T i s  s m a l l  compared wi th  t h e  u n c e r t a i n t i e s  i n  TM a t  a l l  a l t i t u d e s  
involved  i n  t h i s  s tudy .  Thus, while  t h e  graph i s  s t r i c t l y  a p l o t  o f  TM, i t  
adequa te ly  r e p r e s e n t s  k i n e t i c  tempera ture  T f o r  a l l  p r a c t i c a l  purposes ,  pa r -  
t i c u l a r l y  f o r  t h e  a l t i t u d e s  below 110 km. 

From t h e  shape of  t h e  

This  mesopause tempera ture  of 152 degrees  Kelvin i s  o n l y  75 pe rcen t  of 
t h e  s tandard-a tmosphere  v a l u e  and i s  low compared w i t h  t h e  mean win te r t ime  
mesopause v a l u e  f o r  t h a t  l a t i t u d e  a s  i n d i c a t e d  by Court  e t  a l .  [13].  In-  
s t a n c e s  of  s i m i l a r l y  low mesopause tempera tures  have been observed on s e v e r a l  

-- 

5 



other occasions: (1) over Wallops Island, 38" north latitude, on 20 June 
1963 [ 1 4 ] ;  (2) over the Marshall Island, 10" south latitude, on 23 January 
1964 [ 1 4 ] ;  ( 3 )  over Fort Churchill, 58" north latitude, on 21 July 1957 [15];  
and ( 4 )  over Russia during the summer, year and latitude unspecified [ 1 6 ] .  
Apparently, such low mesopause temperatures are not too unusual in tropical or 
semitropical regions at various seasons of the year, in contrast with arctic 
regions where low mesopause temperatures are generally observed only during 
the summer months. 

TABLE 1 

VALUES OF Mo/M AND (TM- T) VERSUS ALTITUDE Z 

Z M /M 
0 

TM- T 

km dimensionless degrees K 

90 1.000 0.00 

100 

110 

120 

1 .003 

1 .014 

1 . 0 3 2  

0.47 

3 .6  

9 . 2  

130 1 . 0 5 0  2 5 . 2  
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SUMMARY AND CONCLUSIONS 

I '. 

1. 
of mass density versus altitude yields a TM-versus-altitude profile, which 
does not depart drastically from a T-versus-altitude profile for altitudes 
below 130 km. 

In the absence of independent temperature information, a single profile 

2. The altitude range of reliable TM values extends from about 15 to 20 km 
below the greatest altitude of reliable density data down to the lowest alti- 
tude for which data are obtained. 

3 .  
mesopause temperature values is reported for 98 km altitude over Eglin Gulf 
Test Range, Florida. 

A temperature T of 152 f 10°K which is low in comparison with average 

4 .  This value is similar to other l o w  values of the mesopause temperature 
observed on at least four different occasions and locations. 

L 
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